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THE U.S. APWY AIR CORPS JET FfTOPULSIOJ RESEARCH PROJECT, 

GALCIT PROJECT No. 1, 1939-19^6: A M01OIR^ 

P. J. Mallna (USA)'‘^ 

I. iMracoucnoN 

This memoir Is a sequel to the one I wrote on the GALCIT (Guggaiheim Aeronau- 
tical Laboratory, California Institute of Technology) Rocket Research Project 1936-38, for 
the First International Synposium on the Plistory of Astronautics, organized by the 
Internet icml Acadeny of Astronautics at Belgrade on 25-26 September, 1967*^ As I pointed 
out then, I fully recognize the fallibility of menxary and the unavoldadDle injection of 
personal evaluations and Judgements* 

Whereas few written records for the period 1936-38 of rocket reseajxh at the 
California Institute of Technolc^ (Caltech) remain, during tte period 1939*^6, numeTOUs 
fonnal reports were prepared under contracts to agencies of the U.S* govemnent, and are 
available to anyone interested. On the other hand, during the latter period our research 
work became secret, so that there are not many personal records of an intimate kind to 
turn to for aspects of developments that frequenbly are more Interesting than cold, formal 
reports. It is a misfortune that minutes of the weekly research conferences held between 
1939 and i^iril 19^^ are no Icxiger to be found in the archives of the Jet Propulsion Laboiv 
atoiy (JPL).^ Secret classiflcatlcn of research also prcMbited the free publication of 
results between 19^0 and 19^6. For this reason, some of these results are still not as 
well known as the more hl^ly piPllcized activities of other groips during this period in 
the USA and in other countries, especially in Nazi Germany. Ihls situation was aggravated 


^Presented at Ihird History Symposiun of the International Acadoriy of Astronau- 
tics, Mar del Plata, Argentina, October 1969. 

"*^Co-Founder and Director (1944-19^6) of the Jet Propulsion Laboratory, Cal' bmia 
Institute of Technology. Trustee-Past President, International Academy of Astronautics. 

'*^Althou^ the designation JPL was used for the firet time in 1944, the work of 
JPL is coisldered to include rocket research at Caltech initiated by the Galclt Rocket 
Research Group frcm 1936 onwards. * 
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by the fact that several key persons who led the research at JPL dispersed after the aid 
of the Second Vfarld War. Suninarles of various aspects of this work, some published, can 
be found In Refereices 2 to 10. 

In S^tenber 1939, Nazi Gtemany Invaded Poland and World Vfar II began. Ihis 
had a direct Inpact upon the rocket research plans of the GALCIT Rocket Research Group. 
Vfcrk toward our dreams of deslgiing rockets for scientific research at hl#i altitudes and 
for space fUgi-it had to be deferred for several years. Vfe had anticipated the outbreak 
of war in Europe some time before it began, and our tlrau^ts tuined towards the use of 
rocket propulsion as an auxiliary to the propellej>piston engine poifer plsiits then in 
general use for ali*craft. We had been authoritatively told by a sailor officer of the 
U.S. Amy Ordnance D^iartment that there was little possibility of supplying rocket pro- 

4 

pulsion in military missiles. 

Inter-ser^ce rivalry over rockets would ^ipear several years later. As late as 
194i», the Amy Air Corps, by then called the Amy Air Forces, readily allowed the Jet 
Propulsion Laboratory to undertake America's first research program on Icxig range rocket 
missiles for the Anty Ordnance Departmoit. At the time, Amy Air Forces foresaw little 
possibility of such missiles replacing nany functions of bomber aircrjift in warfare. It 
is surprising that Allied military intelligence had no inkling of the advanced state of 
military rocket developnoit in Germany until 19^3. 

8 Q 

Whoi Goieral Heray H. Arnold, Chief of the Amy Air Corps, visited Caltech ’ ^ 
in May 1938. Iheodore von Kamsoi (1881-I963) (Figure 1) first learned that interest was 
developing in the use of rocket propulsion for* military aircraft. I prepared a report in 
August for the Consolidated Aircraft Conpary (now called General Dyriamics/Ccaivalr) at San 
Dl^so, California, on the possibility of using rocket propulsion for assisting the take- 
off of large aircraft, especially flying boats^^ (Figure 2). In early Decotber, after 
giving a talk entitled ’T'lacts and Fancies of Rockets'* at a Cadtech lunchecxi of the Society 
of tire Slgna XI, I was infonned by vc«i Robert A. Millikan (1668-1953) > and Max M. 

Masai, that I was to go to Washington, D.C., to give expert Informaticxi on rocket propul- 
sion to the Natiaial Acadeny of Sciences Conmlttee on Amy Air Corps Research. Mason was 
chalman and R. A. Millikan and von Ksman were maitiers of the Comnlttee. 

General Arnold had asked the Acadeny for advice on a nunber of subjects, one of 
which was the possible use of rockets for the assisted take-off of heavily loaded aircraft. 
Sane feared that sufficiently long rtinways would be unavailable in combat areas. (Later, 
others feared that the new jet engines would have lew power on take-off and would require 
very long rurways.) Actually, the bulldozer solved the problem on land, making long run- 
ways practical. Rocket-assisted take-off of aircraft on aircraft carriers, hewever, soon 
assuned importance to the U.S. Navy. 

I prepared a study entitled "Report on Jet Propulsion for the National Acadeny 
of Sciences Conmlttee on Air Corps Research," »Mch contained the following parts; 
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Fl§. 1 

T^ieodore von Karman in 1939 (circa) 

(1) Fundamental concepts, (2) classification of types of Jet propulsors, (3) possible 
appllcaticns of Jet propulsion in connection with heavier-tban-alr craft, (4) present 
state of development of Jet propulsion, and (5) a pixiposed researcfi program for develop- 
lr,g Jet propulsion. Itie word "rocket” was st..a.l in such bad repute in "seriois" scien- 
tific circles in the USA at this time that von Ksuro^ and I felt it advisable to follow 

the precedent of the Air Corps by drcpplng the use of the word. It did not return to our 

vocabulary until several years later, when the word "Jet” had become part of the name of 

our laboratory (JPL), and of the Aerojet General. Comoration. 

I presented my report to ttie ^^ational Acadenv’s Comrlttee or. Decanber 28, 1938, 
and shortly thereafter the Acadany accepted von Kanmn’s proposal for a study by our 
GALCIT research group of the problem of the assisted take-off of aircradl; as well as the 
preparation of a detailed plan for an extensive research program. Ihe Academy provided a 
sun of $1,000 for this study, which was to be coirpleted in about six months. Incidentally, 
when Caltech obtained this first government grant for rocket research, Jerome J. Hunsaker 
of tte ffessachusetts Institute of TechnoloQr agreed to study for the Air Corps the de- 
icing problem of windshields, then a seriou-. aircraft problem, ar.J told von "You 

A 

can have tl« Buck Roger's Job."'^ 


155 



I returned trcm IteMtlagtcti with the nms that aur eff«i;s during ttie previous three years 
mre to be rewarded by financial sifsport frotn the govertssri* a»S ttiat wm Kmmm would 
ttevote more of his time to the wm^. te could even e^ct to be paid for doing rocket 
research. Parsons * Pbiron ard I were the only inenters of tte original GffljC'T research 
grc«4> at this ttoe still carrying on at Galteci.. Me proceeded to collect r >re Infortm- 
tlm m rockets for assisting the taJ®-off of alreraft» and to acctaiilate experinental 
data cm rocket notor performance with solid pK^llant rockets ard with the ^eous pro- 
pellant engines In a test stand we had cots trusted the previous year. 

In 1939, as part of his survey of aircraft develqpmnt for tl« Anrf Mr 
Ccrpst dwlfis A. LSiAerg cane to Caltech after visiting Robert H. Goddard, at his Itew 
Ifexico research station. Since von K^tnai was away on one of his rather ft«quent trips, 
Clark B. Millikai (1903-1966) briefed Lindberg m seronautical research at OALCIf, arri I 
told Mm about our stialles of the p<»slble use of rocket prcf>utoion for aircraft. Ife said 



F1& J 

Jolin W. Parsons In 1940 


nothing about his visit vdth Goddard* It io odd tiat none of tte services > to 

f?3y knowledge, ever requested JPL to send copies of reports; to Goddard, although we tVMi a 
considerable irdividuals and orranlsatlom:; * S;imilar'Xy, »one of Goddard's 

reports to governmental aar^encies were ever received at JPL* 

About tld.s time I le^irrued trat Euren San^^sr carrying on rocket research in 

4 ■ 

Germany in reply to a letter I ImX sent him in Vienna* But Information oii rocket 
resear»cn in Nasi Germar\v began iu the early 1930 was unavallat»le to the Project 
until Novenber when we irceivcxl British lnt#,;dilg€?nce reports on U^y V-2 missile work 

at Feenemunde, Ko Infomatlon on rocket research in the USSR v/as avalM>le i-irini;: the 
period of this mymir, in Septent-er 1944, I went to Er¥"JLa/id on u mission for the 

Oninance I)^?partment v;herc? I obtalm^d detailed information m British recket researcl'u 1 
obtained frrtlier Infonnatlon durirg a s'-cond mission in t!ie autuMi of Sofne reports 

had teen receive! by the pntject on British v/ork beginning, in 1940, aiid sev^'-ral British 
researchers vlrdted i\r during Vie foll<:rwUv: year’s* 


Irene 3I"Inger‘-Bredt, llm Sllv^'r B1i\i ftory thi^ l)(yveh>rmml of 

the Aemipace lYrmsporter *u Ud,’ vc.durg - hA* 
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The studies and e^^erlnents m carried out In the spring of 1939 nede us sviffi- 
olently confident of the possibility jf develqpli^ both s'^Ud and liquid propellent rocket 
enrdnes to the extent that we prepared a proposal to ^ National Academy for a $100tO(X) 
progran of reueareh and facilities conetmctlon for the fiscal year 1939-40 « beginning on 
July 1, 1939> Von Kunm took the proposal to Washington only to find that our c^tlndsm 
was not shared either by the National Acadeiy or by the Air Corpa. In his autobiography » 
von Kmnn& recounts that ^diile discussing the propoeal with ^laJor Benjamin Oiidlaw (later 
Coninandlng Qeneral of the Air Matarlal Comoand) he was asked **do you hcxiestiy believe 
that the Air Coxps should Expand as nuch as $10,000 for such a thing as rockets?" This 
amount turned out to be the maxliiiua that could be obtained. It meant that our experimen- 
tal wo(rtc would have to be done either on Idle cjipus of Caltech, «d)ere our presence was 
not very popular, or with teoporary portable setips l.i the Arroyo Seco river Led abo\'c 
Devil's Qate Dam on the westoni edge of Pasadena. 

The contract, i^nnsof A t't the National Academy of Sciences, came into force 
cn 1 July 1939, bringing inb' being the Army Air Coips Jet Propuislcn Research Project. 

(A year later the anny Air Corps took over direct sp-»isOTshlp of the Project.) Uhder :ts 
terms, studies we''.- to br made of a number of basic problems connected with the develop- 
ment of i-ocket engines for application to the "super^'erformance" of aircraft. The term 
"supeivperfonnance" was defined to liKslude: (a) shortening of the time and distance 

l^equl^ed to takeoff, (b) tenporaiy Increase of rate of climb, and (c) t«iporary 
or level fll^t speed. The contract also wisely authord.!!ed work to be done on both liquid- 
and sollc'. -ppqpellant rocket engines. 

Von Karm&, thai 58 years of age, became actively coiiinltted to the development 
of rocket prcpulslai by assuning direction of the Project. Parsons, Pormar, and nyself 
as chief miglneer, farmed the ruicleus of the staff. He brou^t to our work his vast 
experience of utilizing maldiematlcs and fundamental physical principles for t)% soxutlon 
of difficult CTiglneeilng problems, and a rare skill in negotiation and organisation. 

Parsons was then 25; FoirmEui and I were 27. While von Karm& was away, I chose the 
designation OALCIT Project No. 1 for the Air Corps research. When he I'etumcu he sur- 
prised me by fpc*inlng at the designation. He said I evidently did not krKjw vftiat House 
No. 1 meant in China. At the Air Material Coninand, Wright Field, Dayton, ado, the Pro- 
ject was known by the designation Aircraft Laboratr'ry Project MX 121. 

We carried out the e:q5erimental woilt partly on the campus of Caltech and partly 

in the Arroyo Seco above Devil's Gate Dam in Pasadena during the first year of the Pro- 

ject. In 1940, six acres on the western bank of the Arroyo Seco were leased fTcm the 
Water Department of the City of Pasadena for the duration of World War Approxlmat >ly 
40 act«8 had been leased from the City by 1946 and this area Is still a part of the tx'r ct 

on which the Jet Propulsion Labcr'Htor^' is located. Most of ttie tantraraiy structures f jr 

offices arv^ testing have dlsap, «»red, since then replaced by permaner.*-. installations. 
Residents near the Project put up with the noise o.'' r' cket testing iht end of the 
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mr in 19^6 tat, i»isy e3^»rla«rjts siiifted to other .in^tailations, for 

exajjple, in the Mqjave (tesert. Facilities of the Project In 19^1, in 19^5, arKi in 1969 
are sham in Pigia^s I (a) and (b), 5 and 6. 



Pig. ^ (a) 

Sketch in 19^0 of Layout of First ProJ^t 
F^ilitles to be Constiwted at the 
fizvoyo Seco, Pasadena Site 

Ihe Project benefited greatly frort the use of special Caltech laboratory equlp- 
laent, ar»3 for advics from: iwters of the faculty and staff. For exaarle, Ala»tor Hollaaier, 
Linus A. Pauling, and Fritz Swlcky were fl-equently ccsnsulted. A a-jerdstry Orcsip under the 
direction of Bruce H. Sage begsn wrking m cheraical proble«B of pjrejpellajsts for the pro- 
^ect in lfA2. Also, several Caltech staff B.a!*ers served m senior research ^rglneers for 
the Project on a part-time basis, ihe f^*t ttet Swieky b^iame mm of mir consultansts in 
19«C had Ironic overtaies. While woritir^ on tl% trieory of rocket propulsion for m doc- 
toral tiresis ir. 193?,^^ 1 manticred to him some difficulties 1 was having in ny study. 

He exploded with the opLnlcr. that I wa.> wasting «iy time <m m lspx«isible ssaject. Par, he 
said, I mst reallt, Umt a rocket could not operate in fjpace as it required the atmos- 
ph»e to push aip.in.st to proidde thrust! I# I?40 realized that he wa.r ndotaken. 

It Is not possible in this mamjir to mention tte many dented meai aol warr‘n rtio 
carried cut rocket research, assisted in the comtnj&tlm arvi testin'* of experimental 
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iJwices, £tesls» and telped ritti She ^rteistmtioft of tl». Rrojeet. 

E. S. Rjnsaj'i aid E. 1* Pierce, &»., wre is^, |«sa'S In the first p}«se of tte ImtaHa- 
tim <£ biilMlf'^ aid. fa::llltles, Pla*ce, it*5 ms lowd by all, «s ateislstimfciw 
Mimtay during the ^rlM eoversd by tMg It «s !*.< e^y mtter, in tte sldst of 

fe'M te' II, to assaSsie a qialliled staff timt p«* in mi*er mch year. cXitainlng 
scare* mterlals »1 eqpl|»at «as a ccwstant, fV«sfcmt,liig trial. A gro# of 

the Ptnleet perswsiel in 19^5 is shom In Flairs ?. 


Oag«;teristles a»i ^fbragroe Paraiaeters of a R«agt tetor 


1. S. I began ttieciretleal stistles of the cfi»m:teristiC5 of m i^al, 

roctet !»v«* coreistlni; of a cimfcer of fixed vol«w. and an exfmust »z«le in 1936 • Ibe 

pi|pippiililiiip:ii|iiiiBp|siPiiii::ipp:iiiP::iiilsip|iPP|ii^^ 
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Fig- 5 

Lajwat of the fttclllties of the Jet Prcpulsicar* 
lAtemfeory, GffiCIT in J>jr« 1945 

exit angle of the ejdmust nozzle and tte ^seciflc h^t ratio of the exhaust gps (Figure 8 ). 

A tarn of this dla^^ is new used for deterudnln. the ideal thrast coefficient , C^, of a 

rocket nsotor. Ihe effect of the ar^e of divergence of the exfaust nozzle on thrust i«ter 

Meal ccndifciwis ms calculated by tsim. 

Experlaental studies of tl« characteristics of a rocket notcr were carried exit, 

beginning in 1938, by Parsons, Pcaxtian arxl ^self with tfie gaseous prqsellants, oxya^ and 
1 

ethylene. Data first obtained with oxygen alone to check the test stayrei tastalla,- 
tion and to caspare results with those reported by Baitocci in ferch 1938. Ttese were 
followed by data <*ptaii»l with the coEabustlcn of oxy^n and Itelng cne of 

tte first series of tests with tiiis comblimtlan, in Itoch 1939 , tte oxygm line exploded, 
scatterlr^ j^rts of tte ^^jaratus over a large area. Though shaken, Parsens and Ponnan, 
'dKJ w;re conducting tfie test, were unhurt, A piece of tte Bourdon tube of c»w esf tM 
pressure &U 0 SS burled itself In a wooden beam aboit Wnera try heal wcuid lave been if 
van t«d not called iw way earlier, 

fertin SiSt'jmerfleld jolrad the Project In July 19^0 and corjtlmed tliese sttsller 
with an is|>rwed test Ire^tallatim (Figure 9). In particular, he deteniu.rw»l tt« value of 




Pig. 6 

ilerlai Ylm of the Jet Propulsiom Labomtory 
in 1965 


the ttmet coeffielait u'-rier «al caraiitiarB, as It sies effected toy the ar«le of diver”- 

P 

gense of the exhaist oozsle, s.id he fmmd tMt thrust sug^mttcrs gaw little pronilse frwi 
a practical pol/it of lie also investigated ttie significance of the ratio of the 

soiijusticm clnatser ¥oiuti« to jiozzle threat a«a, L*, pitioosed toy Silver for deteralft- 
ing tte r«iuljred prcfjeiiant . In a cmfoustlm chaaber. It Is ocwnected with 

c 

chaidcal kinetics ard affecte caairdlm efficiency. 

Atille catductlng experlaents i*lth liquid pR:f»llants In 19^1, Malter B. P»rell, 
followlf® a dl,scussicn with fc* M. Mils, introduced a iajeful paramter called tte 
charac teristic velocity, c*, i#tlch Is defined so as, to give ttie effective velocity , 

c, as a prorluct of the ejgjeriaental coefficl««ts, M) c*. fie diaractoriLstlc velocity 
is detemliwd mly hy fm prqr«rtles of the pr«:^llant and the nossle tnnsat area. U«s^ 
it Is iMeperdent of exit ccwlltlsns and nay t» considered a.^ tte f>arai»ter indlcatlr^ the 
efficacy of tte ccMsistiori pKtcess.^‘5 At atot this time anotlter 'useful paa'^seter, 
called the gfXfClflc inp-iise, I,..,,, caiw into lise. It l.s ordinarily expressed in pouwfe 
thrust per p^3»,«;i of propellant ccreiijned per secowl. 
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seconds. M far as was kre«n, m black porter or suxjkeless fxswer rocbet ted ewer been 
ccmtmcted to meet these speclficatiais of thmst arxl duration. Esqperts m consulted 
we verjf dublcws about the possibillt;^ of dolr^, so. Preliminary e:^riB»nts m<te by 
ParsoTS aM Fcnwn with pressed solM pre^llant chari^>s restricted to bum ci^irette- 
fashim apf»ared to sifport this wlew.^^ It was gens^nlly bellevel ttet the «a*usti«i 
chasnber pressure of a restricted burning solid rocket unit would coifcim» to rise frcra tl» 
fsmwrit of igalticn mtll ar^r coitiustion cliaitoer of rea^scmai^le wel#A would burst. In 
other wards, It ms thcw#it that such catifcustlai ms Iriierently unstable. Von in 

the spring of 19^0, after listening both to the orlMeais of tte experts and to the ejqplo- 
sions of Parsm's rcKkets, me evening at his ticrae wrote down four differential equatlc«s 
describing the apemtim of m Meal restricted burning inotor, and ask«! me to solve ttea 
(Figure 10). Much tc our relief we found that, t}»oretlcally , restricted burning mlt 
world mlntadn a cmstmt cfmtxr presstare ax-r Imti. as tte ratio of the area of tte Inroat 
of the exteust nozzle to the burnliig area of the propel.lant ch'trge? mrarlnaJ (xmctant, 





Fig. 8 

tfeilversal tDsust DlagrsB (cf. Ref. 14) 

that is, the process Is stable.^^*^^ Experimental wartflcation of the theoty »ias soon 
obtained. (Cf. Section m}. (It has been shown that the theory is correct provided the 
chfiober firequen<y is low [ttmt is is laree]). 

Cooling of Rocket Motors 

A rodcet mr* r operates mder more severe conditions of hi^ teiy)erature and of 
continuous rate of heat release than any oUier heat engine utilizing cheodcal conbustion. 
Far these reasons, problems of heat transfer are among the most acute and Important In 
rocket motor design. Roctet engines for the assisted take-off of aircraft require motors 
to operate for a period of up to around 30 seconds. Ihsts nade by various experi- 

menters in the 1930s ^Kwed that for such a duration is was not necessazy to cool the 

of the conbustion chairtmr and exhaust nozzle. Ir an uncooled motor, themed equi- 
UbrliBi in the materials of constructloj is not reached during the safe period of opera- 
tion; if it were to be reached, the motor w old become a molt«i mass. Work carried out 
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Fig. 9 

ffertin SujiiierfieM arid Bds«rd 0. Crofut in 
P^?ont of Oas Prtfjellant Bocket 
Ifest Stand in 19^1 


liquid ptxspell^t motcrs is discussed in Sections I¥ arxl ¥ belcw. "Tte uncooled liquid 
prqpellanrt; motop of 1999 IJs. ttmist used in the A~2Qk fU#st tests in 19^2 rad a safe 
qperatir^ pariod of 75 seecrsfc, but It weigtel ^9 Ibs.^®*^^ 

fMEPforaiartte, la^ duratlorj rocket motors require the use of refractory 
Mnars or coolir^ of tte trails in tte case of liquid pix^llant mote®*? by all a* part of 
the prcijellEuits. In the 1930s, researchers dsnemtrated the fessiblllty of ecMstructir® 
regeneratively cooled motors in which the coolant liquid absort&s heat sas it circulates 
aramd the motor in etets and Is then injected into the ccefeustlm ohanber. Extensive 

^ ' 

stMles of r^eneratlveli' ct»led motorc nere tegun In 19^2 by ajanerfleld bM Seifert.'^** 
Mten tt«y began these studies, practically no Infmmtiai ma amllable on tte variety 
aspects of regaieratlve cooling tiat would pemlt the design of a motor to mecjt the Mr 
Cerps performance speclflcatioB fc«* various ^jplicatiarc. Ti^re mire. In fact, doubts 
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Pig. 10 

Pour Differential Equations lhat Describe the 
C^eration of an Ideal Solid 
Prc¥)ellant Rocket Motor 

cast on the prlzxjlple of regenerative cooling for motors operating at hlg^.er values of 
specific iJipulse because it appeared to be a "boot-strap" process. But theoretical and 

Q 

expeidmental studies showed that the principle was sound and data were accunulated to 
permit the desl^ of such motors. 

Search for Materials 

Ihe high gas tenperatures and velocities encountered in rocket motors and the 
unusual characteristics of chemicals used as liquid propellants posed special problems 
whose solution could not be found In other donalns of heat>engine technology. Systematic 
studies of materials were begun by the Project In 19^2, Including the properties of steel, 
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aluidnun and nagnesiun alleys, ceranlcs and naterlals produced by means of pewder metal- 
lurgy. It Is comforting to note that hueans, in cooperation with nature, provided the 
materials required by the designoa of various types of rocket engines. The trials and 
tribulations of those that searcdied for materials arc evidoit in the early reports by 
N. Kaplan and R. J. Andrus and by in the morthly reports and in the confer- 

oq oil 

ence minutes of the Project. •'* 

III. ROCKET PROPEmmS 


Liquid Prqpellants 

When the development of a liquid propellant rocket unit for use aboaixl aircraft 
was discussed with the Air Corps, we decided that the project should attenpt to use 
aviation gasoline as a fuel and something besides liquid oxygen (LOX) as an oxidizer. 
Liquid oxygen, the ideal oxidizer from a rocket performance point of view, had been used 
by Goddard, menbers of the American Rocket Society, and others. However, the problems of 
producing, transporting and storing LOX in 1939 (ca* at any time, as far as the military 
services were corwerned) were ccxisidered so formidable that it should be avoided. In 
today’s idiom, the Air Corps wanted rocket engines that utilized "storable propellants." 

Parsons, in his report of June 1937, suggested, among other storable oxidlzere, 
a mixture of nitric acid and nitrogen p«itoxyde. In 1939, he recomnended the choice of 
red f\inlng nitric acid, a solution of nitric acid and nitrogen dioxyde, hereafter called 
RFNA. Ihis oxidizer has poisonous properties and is very corrosive, requiring the use of 
stainless steel or aluminum to contain it. Nevertheless,^ it was more acceptable to the 
Air Corps than LOX. Just before Christmas, 1939, tests in an open crucible showed that 
RmA would bum with gasoline and benzaie. As pointed out in Section V, Sumtnerfleld and 
Powell subsequently found In testing actual rocket motors that RFNA and gasoline led to 
unstable combustion. The resulting pulses in some cases became so great that the corbus- 
tl(»i chanber ejqsloded. Hie phenomenon of "throbbing" has not been completely cured to 
the present day. 

A Chemistry Grotp, directed by Sage, was set up at Caltech at the beginning of 
1941 to investigate the RFNA-gasoline reaction and the properties of other possible liquid 
propellants. We began to dream of the advantages of a fuel that would be spontaneously 
igiitible with RTNA. It would dlsperise with the need of an Igiition system and ml#it bum 
more satisfactorily with the oxidize].-. In early February 1942, I visited the rocket 
research greap at the Naval Engineering Experiment Station at Annapolis, Maryland, direc- 
ted b^ an old friend, Lt. Robert C. Traux. While discussing the proolem of RFNA-gasollne 
combustion with Ensigji Ray C. Stiff, the chemical engineer of the group, I learned tiiat he 
had found in the chemistry literature a reference to the property of aniline to ignite 
spontaneously with nitric acid, ffe wondered if it would be of any help o add aniline to 
gasoline. 
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During the ovemlf^t train trip ftm Araiapolls to Dayton, Ohio, it occurred to 
me that we should try r^laclng gasoline entirely with aniline as a fUel. This would cooh 
pli^ate Air Corps logistic problems, but It seemed It nd^t be the necessary price to pay 
for an et^Xne t^t would not explode unpredlctably. Itxxi arriving in Daytm, I sent a 
telegram to Sunnerfield asking him to try the Idea. When 1 returned to Pasadena a few 
days lat^, he greeted me with exultation. We had a reliable, storable, liquid propellant 
rocket miginet 

Parsons and I filed a patent on 8 May 19^3 for a reaction motor c%)erable by 
liquid pregnants and the method of operating It — a motor using spontaneously igiltable 

pc 

propellants. Lcng after the war, I learned that Lutz and his collaborators in Germany 
had stunbled on what they ceilled hyp^^llc propellants at about the same time. It is 
Interesting to note that our patait included, among other suggestions, the use of hydra* 
zine as a fuel with nitrogen dioxide. Ihls is the basic combination used in the o’^ines 
ccnstructed by the Aerojet General Corporation for the Apollo Service Module, aid by the 
Bell Aircraft CcaTporation for the Apollo Lunar Excursion Module, which so far have per- 
foraed without fall In the flints of men to the Moon. The project initiated research on 
hydrazine and its conpounds In 1945* 

We encountered ccrislderable resistance from the military services to the accept- 
ance of the toxic aniline as a r^lacement for gasoline. Ihe Air Material Coraiand finally 
gave way idien it became evident that the A-20A fll^t tests, scheduled to start within two 
months, could not be made without ii.sk of catastrt^^ if gasoline was used as a fl»l. 

Ihe Navy Bureau of Aeronautics continued to resist the use of aniline by the Amapolls 
group for almost another year, when a violent e;q) 106 lon that wi*ecked their nitric acid- 
gasoline test stand made tl’^ accept it. 

After cciipleting the successful fU0it tests of the A-20A aircraft equipped with 
two uncooled 1000 lb. thrust, 25 seconds, RFNA-analine engines were corpleted (of. Sectlai 
VI), the project initiated detailed studies of the problems of prcpellant injection into 
the rocket motor, a secrch for other spontaneously ignltable propellant coohinatlcaTs—such 
as fUrfuryl alcohol anl nitric acid not ccaitalnlng nitrogen dioxide or "white acid" — arxi 
of methods of cooling laig-duration motors and of supplying propellants by means of gas 
pressure and of pumps (of. Section V). Work was initiated an the development of engines 
utilizing liquid ojygen in October 19^2.^^* Ihe outlook of the project on liquid 

propellants in 19^3 is described in Reference 28. 

In 19^4 studies of monopropellants, such as nitromethare and hydrogen peroxl(te, 
began. In 1937 Parsons already had listed tetranitromethane as a possible rocket pro- 
pellant. Ihe advantage of a monoprcpellant would be a such s. p''3r engine, since only one 
prcpellant tank, one purrp and cxk ccntrol valve would o<- refjulred. Althou^i nitromethane 
is comparatively easy to handle, it is sensitive tu temperaciire. has a tendency to explode 
under impact or shock, and Is difficult- to igilte and susfoin a i-eactlcn in a combustion 
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chamber. To the best of my knowledge, a satisfactory rocket engine utilizing nitro- 
methane has not been developed. 

Hydrogen peroxide, althou^ it has found a place in presaitday rocket technology, 
was regarded with fear and suspicion by the Project. This attitude arose when 60 pounds 
of in a stainless steel tank exploded in the surner of 19^4. The cause was not 
definitely determined; however, the sumner atrnospheric tenperature of about 100®F and the 
possibility of foreigi material in the tank were felt to have been contributing factors. 

Solid Propellants 


Althou^ there have been centuries of experience with black powder rockets, and 
several investigators used smokeless powker and Ballistite in rockets betweai about 1918 
and 1939, Txyne of these ix)ckets had the thrust and durati<ai required for the aircraft 
"superperformance” applicatiais. Pa^cxis and Fonnan in 1938 built and tested a anc^eless 
powder ccxistant-volume corrbusticxi fiotor similar to the one that had been used by Gkxidard.^ 
We concluded after these tests that the mechanical conpllcatims of constructing an engine 
using successive liipulses to obtain thrust durations of over 10 seconds was impractical. 
Upon Parscxis* reconmendation, we coicentrated our efforts on the development of a motor 
provided with a restricted bumln?: charge that would bum at one end only at con- 

stant pressure to provide a con*^’:' "i:: t hrust. 

Parsons started with :raditional sky rocket. This type of pyrotechnic 
device was propelled by a blacK powder charge pressed into a cardboaixi combustion chamber 
with a conical hole in its center. The gases escaped throu^ a rounded clay orifice. Its 
efficlaicy was very, very low, but it was reliable. The ccxilcal hole in the charge was 
believed to be the secret that kept the charge from burning down the sides of the con- 
tainer to produce chamber pressures that wjuld burst the container. Ihe longest duraticxi 
of thrust of this motor did not exceed about 1 second. 

During 1939 and 19^0, various mixtures based on black powder ard mixtures of 
black powder with smokeless powder were tested in 1 in. and 3 in. diameter chambers. The 
charge for the 3 in. chamber was made up of 6 in. long pellets conpressed at around 
u,500 p.s.i. that were coated with various substances to fom a solid or liquid seal 
between the charge and the walls of the chanber (Fl^^are 3)* charge of the 1 in. cham- 
ber was pressed directly into the chamber in small Increments at pressures between 7,700 
and 12,000 p.s.i. Most of the tests of these charges ended In an ejQDloslon. Mechanical 
causes for failures, such as burning of the charge on the surface next to the wall 
because of leakage, transfer of heat down the wails sufficient to Ignite the sides of the 
charge, ard cracking of the charge under conbustlon pressure, were suspected. However, 
there were those who were convinced that the combustion process of a restricted burning 
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charge In a rocket motor was basically unstable. It was only when the von Ksuni^-ifeLLina 
analysis of the characteristics of the ideal solid propellant rocket motor was made In the 
spring of 19*10 (Section II), that proved the process was stable, that a concentrated 
effort was made to study the mechanical causes of failure. 

Hundreds of tests were then made with different powder mixtures, using black 
powder as the basic ingredient, with various loading techniques and with various motor 
^1^. Uie d^>endence of chant>ep pressure on the ratio of chairber cross section area to 
nozzle throat area was detemined for each specific powder mixture. 

Hy the spring of 19*»1 results were sufficiently encouraging to schedule fU^t 
tests of an aircraft equipped with solid propellant rockets specially designed for it. 

(A discussion of the fUg^it tests of the Ercoupe airplane is glv«i in Section VI. Ihe 
prap<ellant charge used in the Ercoupe motors was a type of amide black powder designated 
as QALCrr 27. Ihe 2 lb. charge was pressed into the combusticai charab€H?, which had a 
blotting paper liner, in 22 Incranents by a plunger with a conical nose shape at a pres- 
sure of 18 tons. Ihe diameter of the charge was 1.75 in. and its length varied between 
10 and 11 in. Ihe motor was designed to deliver about 28 lb. thrust for about 12 seconds 
(Figures 11(a) and 11(b)). Elgtiteen rocket motors were delivered every other day for the 
fll^t tests at March Field, California, about an hour’s drive from the Project. During 
the first i^iase of the fllg:it tests ans motor failed explosively in a static test and one 
itfiile the Ercoupe was in Ic^el fLi^t. hereafter, 152 motors were used in succession 
wltiiout e}q)losive failure, ihe motors were prepared by Parsons, Porroan, and Fred 
Miller.^ 

It was most fortunate that the fli^t tests wei» jarried nut close to tiie loca- 
tion of the Project, vAiich pennitted the rocket motors to be fired within a few days from 
the time th^ were charged with propellant. Following the fll#it tests, it was found that 
after the motors were t.iposed to simulated storage and taiperature conditions over several 
days they e]q>loded In most cases. It was evl<tent that either the blotting paper liner or 
the mechanical ciiaracteristics of the pn^llant were unsatisfactor 7 . But the Navy 
Deparfanent regarded the successful Ercoi^je tests with much Interest from the point of view 
of application of rockets for the assisted take-off of aircraft from aircraft carriers. 
Upon the mging of Lt. C. F. Fischer of the Bureau of Aeronautics, who had witnessed the 
tests a contract was placed by the Navy with the Project in early 1942 for the develop- 
ment of a 200 lb. thrust, 8 second unit. Ihe urdt was deslgiated by tte acrcnym JATO for 
Jet Assisted Take-Off , and this designation is still used. 

Ihis Navy contract came in the midst of the explosive failures of the JATO unit 
developed for the Ercoupe tests. All efforts to improve the amide-black powder prc^llant 
and loading techniques of the motor developed for the Ercoupe tests failed to meet spe- 
cified storage conditions ranging from Alaska to afrlca. Invest iggatlons of motors using 
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Fig. 11 (b) 

View of Six JATO Units. Attachment AssetTblies 
ai-ri Ignition System for ES?coupe Fll^it T<e8t8 


Ballistite, a coipotaid essentially of nitrocellulose and nitroglycerine, f so proved nega- 
tive, mainly because of its ai.i>ient tenperature sensitivity, the is, the variation of Its 
rate of burning with ambient tenperature. For exa.*;le, a JATO unit desi^ied to deliver 
1,000 lb thrust at 90*P wtxild deliver at most only 600 lb. thrust at U0“P. Ihoug the 
(Miration of thrust at the lower tenperature woul . be lengthened, an alj*craft assisted 
under such a ccxxiit.''on might Tail to take off from a short runway. 

Thus, the spring of 19*12 was one of ciesperaticai for those 3 cn'’.emed wltii devel- 
opment of a reliable solid prcpellant JATO urdt. We know that tneoretlcally it was pos- 
sible to construct such an CTiglne, but no csie came fc . ’ with a premising idea until 

June, whe.: 'Arsens, no doubt af^er ccmmtnlng with hi., t? is .'pJritt:. .iggected ''ylxir a 

radical new pn ?llant. It would consist of potassium perchlorate, as oxidiiier, coimK«. 
asi^ialt used on roads as a binder and fuel, and be cast, after being mixed, Lnto a combus- 
ti<xi chamber. A test of the propellant, desigiated OALCIT 53 » wa^' r lckly ina<te a«id the 
results were so promising that work on otf> •• pi<x'ellant type> was dropped ^or a long time. 
Parsons was assisted in the development «'• rnv ...;phalt base propellant by frills and Fred 
Miller, After dite study of the origin o. ^.h<. i.ieas for tlie new orcpellant, Parsoru was 
recognized as its inventor and a patent wa'i gr.,nted In his ivitin. 


172 


At first, tlie OdJiance Department {jbjected acrcngi^y to <xtr use of potassium per- 
efilorate as an oxidizer because It h'».< pixrved xsnsaie In the past. Parsoae realized that 
t.helr c*Ject!on was !to lonier valid, since ways had been found to prod*^ t!ie material 
with c; aintaan purity of 99*. la^irities in tx>e farm of dangerous chlorates had bean 
practically e'iSirdnE.i:»d. Itie ruling of the Or:^mje Def»tnent thereafter cfian^d, 
allowing the isse of tMs kind of solid oxicizer. Ihe Navy contract for IW JATO units 
delivering 200 ib. tJarust for 8 secorels was iJuccessAil'’y completed, with GAIjCIT 53 as the 
propellant.^ (Figure 12) PrcxfeictiTri of service-type tnits for ths Navy begai shorily 
thereafter at the Aerojet Eng4’'eerii^ Corpciratiai (ix« Aercjet Gwieral Ccapcration, 
cf. Section vni). 



Fig. 12 

View of 200 Ih. ils^ost, 8 Second Solid-Propellant 
JA1D*s !¥oduced In 29^2 ?hr t?ie U^ 

Ihe r"Tject carrie<i oit extensive studies <xi asphalt-base propellant, (c^'rposite 
propellants, as ttey are v>m called ) In t?r following years. A detailed report released 
In May 1944 m tte propellant OALCTT 6l-C by Kills can be fou.J In FtefeTO'nce 32. GAITIT 
6 l-C consisted of 76? p>tasnlijn perehlorate and 24* fuel. The fuel compofiient wen 70* 


Ttexaoo Na. 18 asphalt and 3(tf Ikdon Oil Coaiittv Pem SAE No. 10 lubricating oil. The 
fViel was Uqutned at about 275®P, the pulvolaed potassium perchlorate added to It, and 
the adxture thoroughly stinred. The Bdxtiae was then poured into the ccadjustlon chaster, 
liiich had hem previously lined wlUi a natodal siadlar to the fUel cco|)onent, and 
allnwwl to cool and become herd. This prqpellant when burned at a ehaeter pressure of 
2,000 p.s.i. had a chaster teiqperature of StOOD-SySOO^P, a specific li^Mlse of 186, and 
an exhaust velocl^ of tteut 5,900 ft. per sec. Stcmge teapereture limits were fTcn 

to 120^. It was developed in 19^3 and used in service JAIO units by the Nsyy until 
the end of Ubrld Mar n. 

Solid propellents utilizing potassiiai perchlorate is oxidizer produce dense 
clouds of idiite snake (potasslun chloride), which the Navy did not like at all. Some 
months aftor GALdT 53 Mas developed. Parsons infbmed the Rx^ject meekly research oon> 
ference that he had elisdmted the smoke problera hy rqdaclng potassium perchlorate with 
asaKxiluD per(d)lcrate. Navy rodoet expats were Issediately invited to visit the Project 
for a demonstration. lAien they arrived we posted ourselves seme distance firon the test 
pit, the red flag was nzi tg), and I^ursons gave the order for his latest creation to be 
fired. We b^ld a big cloud of thite smoke and Baorsons with a look of surprise on his 
fhoe. He sheepishly explained tliat the smoke must have been caused by the himddlty, for 
the air had been very dry on the days they had made tests before. AsBcnUB perchlorate 
does rc luce the aaount of smoke {produced if the air is diy, but it produces undesirable 
chloride in the Jet. 

The project also studied the possible use of other Aiels Instead of asphalt, 
sudi as Napalm gelled hydrocarbon, gelled wax niztures, and butyl rubber. A continuation 
of studio of the last natoial later led Charles Bartley, wder the JPL-OnDCIT Project 
in 1945 , to the discovery of the advantages of the castable elastomeric (polymililde rub- 
ber) material called Thiokol. This discovery became the basis of solid propellant nanu- 
fbetun by the Thiokol diemlcal Corporation. Air Force Material Coamand terminated work 
by the Project on solid propellant motors on June 30, 19^; the Ordnance Department con- 
tinued the work for long range missile applications. 

In concluding this part on the wosrx of the Project in developing solid propel- 
lants for long duration rodeet motors, it should be pointed out that two of the most 
Important discoveries in the Ict^ history of solid rockets were made here. First it was 
theoretically proved by the K£uineb<Mallna analysis that a stable constant pressure, Icng 
duration solid propellant rocket motor was possible. Second, Parsons found a new kind of 
material, the asphalt-potassium perchlorate oooposlte solid propellant, which Initiated 
modern cast^le solid propellseit rocket technology. The 200 lb. thrust JATD isiit has 
gro» Into solid propellmrt rocket engines today delivering on the order of 1,000,000 lb. 
thrust. 
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IV. SCUD PRCmUNT N7R» DESIGN 


A solid propellatit rocket notor consists of a conbustion chanber containing the 
propellant chai^, an ignitor, and an exhaust nozzle through whi^ the conbustion products 
escape to give thnist. In the first motor design made by the Project, the nozzle was 
attached to the conhustion chanha* by means of bolts that pulled ^part at a chanbo* pres- 
rire considerably below the pressure that would shatter the walls of the chanber.^ In 
1942 Mills and I devised a pressure-release device or "safety plu^ that considerably sim- 

Oh 

plifled motor design. A patent was granted to us for this device on 14 May 1946. ’ 

Great care was taken to protect personnel involved in prepaidjig solid propel- 
lants and in testing solid and liquid propellant engines. During the period of this 
memoir no serious injury was suffered by any menber of the Project, in spite of the ten- 
dency of those dally woridng with explosives to develop a contempt for them throu^ 
fbmlllarltar. Parsons ttas the fatal victim of this hazard in 1952 idien he dropped some 
fulminate of m»*cui^' tdiUe moving his private laboratory from Pasadena to Mexico.^ 

the work of the Project concaitrated on the desl 0 rt criteria for restricted burn- 
ing motors that would be suitable for JATO units and, Itter for long range missiles. IXir- 
ing the course of this researdi, engineers were pi-ovlded with methods of raotcac component 
design when the following characteristics of the propellant to be used were known: 

a. Sensitivity of the propellant to ambient tenqperature during conbustion. 

b. Conbustion pressure limit below the propellant bums in an irregular 

manner. 

c. Conbustion pressure limit above tbich the propellant bums in an unpredictable 
manner. 

d. Storage characteristics of the propellant charge from the point of view of 
ninimum and maxijiun anbient tenperatures allowed and possible decomposition of 
the propeUant with prolcnged storage. 

e. Ignitia. tenperature of the propellant. 

f. Rate of burning of the propellant as function of the conbustion pressure. 

g. Ferfonnance chareu:teristics of the propellant to produce rocket thrust. 

Ihe great progress made in the scientific desigi of solid • ropellant rocket 

motors li. conparison with the enpirical, traditional, method used in previous centuries 
can be appreciated by refermce to the text "Jet Propulsion"^ prepared fca* the course at 
Caltech at the request of the Air Technical Service Connand in 1943 and continued in 
following years (cf. Section IX). The development of the solid propellant JATO unit 
showed that for many applications it was stperlor to liquid propellsit engines; because of 
its sinpllcity and reliability. The debate on the superiority of solid vs. liquid pro- 
pellant rocket engines for boosters of space vehicles still rages today. 
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I Mould like to point out ttat It mbs the policy of the Ppqject to concentrate 
•ffcrts on ftmi—intel research probloe of rocket engine developnent, leaving pilot and 
sarvloe stage desigi problaK to industry. Von tsdcmm aoA I Mere oonvinoed that this mss 
aifeTipriate stance to tafte ftr an educational ml research instituticn sud) as Caite<d). 
The fact that this policy MBS violated ckirlng later perioos in the hlstoey of JPL was due 
to special elreuBstanoes that premiled in the U.S.A. at that tiae. 

V. UWID mXllJANr 

When the Project initiated work on rocket engines for the "superperfCnaance” 
of aircraft in 1939, it was not evident vhether either a solid or a liquid propellant type 
could be constructed to aeet service reifuireiaents. Therefore, we investigated both types. 
He realised that a solid propellant JXTO unit would be sispler, lighter, and more prac- 
tical Icglstically, even though it could not be stepped and restarted. Cn the other hand, 
for auxiliary propulsion in flight, the liquid propellant engine, witt its higher ^>ecl'*c 
hgulae, possible longer burning duration, and controU^le thrust. Mould have great 
advantages. The use of such an engine fbr the sole propulsion of an aircraft or of a 
■iaslle Mas not at first conteaplated in tiie progran of the project. The study I prepared 
in October 1939 <n the application of rocket propulsion to a radio-controlled flying tor- 
pedo MBS used by Captain (later Rear ikkdral) D. S. Fabmey (then head of the guided nds- 
aile project of the Bureau of Aeronautics of the Navy) , as the basis for the design aid 
production of Aaerica's first gidded liquid propellant rocket missile In the U.S.A. , the 

ocrooH.®*^ 

RPm - Os «nT'»n«» B yine Heseardh 

A liquid propellant engine consists essentially of a rocket actor, propellsvit 
feed and control system, and propellant tanks (Flgmne 13). Susnerfleld Initiated expari- 
aents directed toward the design and construction of a JXIO unit using RFNA and gasoline 
on 1 July 19k0 on the basis of experience that we had gained with tests of the gaseous 
osygen-amthyl alcohol motor in 1936, experhaents with the gaseous oxygen-ethylaie notor 
begBi In 1937* various thecretlcal studies we had made, and the meaga? Information avail- 
able in the published liter a ture. 

The n^Qject's first permanent installation or test pit for experiments on 
liquid propellant rocket engine oonpenents was coapleted in February 1941. Rxipellant was 
fed to a motor by regulated nitrogen gas pressure ftxxn standard coBmercial tadcs. Thsts 
were begun on an uncooled actor designed to deliver 200 lb. thrust at a coobustlcn cham- 
ber pressure of about 300 p.s.l. The ex .ust nozzle, Mhlch posed no special desi^i 
problems, was made in a copper block and attached to the chamber ty means of bolts that 
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Pig. 13 

Schenatlc Diagram of the Liquid Propellant 
(RFNA-AnlUne) , Gas Fl%ssure Simply 
System JA10 Q'^ine Ifeed In A-20A 
FU^t Itests 

would l -^ak at a pressure below the bursting pressure of the chanter. The voluae and 
shape of the chamber and the mode of Injecting RFNA and gasoline into it to obtain regu- 
lar, efficient combustion had to be determined as %#ell as the method of obtaining l^iltlon. 

Ihe first type tested had an inplnglng-streenn injector with four arifloes in a 
flat plate two for RFNA and two for ^soline, and a spark plug for ignition. Since the 
motor in a JATO unit would be placed in a horizontal position, it was so tested. TV r ee 
motors vere tried and all failed explosively. Ihe third one. In May 19^1, set fire to the 
railroad ties that made up tte sides of the test pit and caused considerable damage to the 
test equipment. Hie test pits of ttie Project were dellb^^tely built facir^ brush-covered 
hillsides in order to stop Jets and flying metal. The brush, tdiich dux*ing tte long, dry 
Southern Calffomla season is hi^iiy flanmable, was cleared near the pits. But we were 
constantly worried that one day the brush hi^ier up would igilte in a big wind and that 
the fire would race up the mountains toward the Mt. vaison Observatory above us. A fire 
did once break out, but it was stopped vrltti the help of all hands at the Project. A 
spidnkler system was then Installed on the hillsides and no further brush fires troidQled 
us. 
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Die chief cause of the liquid propellant notcr thilures Has Inproprar liprtitlcn. 

If Igriitlon HBs not Instantaneous, propellant accumulated in the chaal>a> and, if it then 
Ignited, an explosive reaction took place. It mss concluded that the injector did not 
produce fine enough streaaB to obtain adequate odxing. A new Injector nas o&te with six 
Isplneement points; each mbs omde up of a central gasoline stream «xl tuo RFNA streaus 
trm angled orifices. Ihe qpark plug nas shielded to prevent ^lort circuiting by spr&y. 
The motor Hlth these modlfLcations %rarlced repeatedly nlthout failure and led to tests of a 
similar, larger, motor designed to deliver 500 lb. thrust. Tests of this motor were also 
successftil, except for one explosion Mhldi should have beoi a wming to us. 

At this point He concluded that ne knen notably the folloHlng, as reported by 
Suseerfleld and B. M. FcrmBn (the cousin of E. S. Pomian):^ 

a. Hoh to introduce the propellmrits into the motor, including a satisfactory gas 
pressure propellant supply system and control valves. 

b. The effect of RFNA-gpsoline mixture ratio on coabustion dianber tenperature and 
the ^leciflc 1iq)ulse of a motor. 

c. How to reduce eidiaust nozzle erosion by chrome plating the copper surface. 

Tests on the 500 lb. thrust motor, which coincided with the successful Brootpe 

flight tests at Nar<^ Field (cf. Section VI), en^.ouraged us, in S^tenber 1941, to make 
the foUcMlng inportant decisions: 

a. Design iimiedlately a 1000 lb-thrust uncooled motor to operate for a ndnlnun 
duration of 25 seconds. 

b. Form tno groufsi the first to continue basic studies of engine oesigi, and the 
second to begin the design of an experinerval JATO wit suitable for installa- 
tion on an aircraft. 

c. Request the Any Air Forces (AAP) (foraerly the Any Air Corps) to provide an 
aircraft for fll^t tests of the JATO unit (cf . Section VI) . 

Tests at the beginning of October of the flrsc 1000 lb. th^jst motor, provided 
with an injector with 15 Inplngement points and two shielded spark plugs, proved to be 
very disappointing. Sometimes ignition was so long delayed that a very "hard start" 
resulted; sometimes it failed altogether. Uhat really disturbed us, however, was our 
first encounter with the unpleasant phenomenal of coabustion pulsing cn* "throbbing" that 
has plagued rocket engineers for the past 30 years. ^Sporadically and upredlctsbly a 
motor begins to throb, all^ly at first but with increasing intensity until, if not 
promptly shut off. it blows up. 

For four months various attenpts w^re made to overcome the phencmenon but wi th- 
out success. In the meantime, arrangements had been ccnpleted with the AAF for flight 
tests in the Spring of 1942. Ihe JATO isiit that was to be Installed on the 14,000 lb. 
Douglas bl-motor bonber, the A-20A, was in final design stage. In early February y'iZ 
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sort the teXegram to Suanerflelil ft<om Oeyton, Ghlo to r^iOace gasoline with aniline as a 
Ajel. suggestlcn norked. Dvobbtng mbs elintnsted or rendere d niMUlgLble (cf. Section 
HI), line "throbbing** months drew von Kunan, Suanerfleld, and the Sage Chemistty Qroup 
into a concerted theoretical and experimental attack on the problem. Von Keran h^jame 
so fascinated with the probleem of liquid propellant coeixjstlon that he pursued them until 
his death in 1963; SUBBmrfleld is still uortclng on them. Von Kaaain broadeneci the field 
to Include aer o t h eneodynemics, mnd Sumaerfield subsequently branched off to ir^lude the 
combustion process of solid propellants. 

Ehglne Research Vttth RBIA and Spontaneously Igd.ting Pbel For the A-20-A PH^it Ttests 

Ihe property of aniline to ignite vg>on contact with nitric acid greatly sispll- 
fied motor desl0i. A u xi lia r y Igiltion methods could be di^>ensed tdth, and the danger of 
propellant accunulating in large quantities in a horizontally mounted motor uas avoided— 
provided the propellant conponents arrived simultaneously at an appropriate mixture ratio. 
Ihe siKpt ignlticn lag tdien aniline cones into contact with RFNA, conpared to gasoline* 
greatly helped to reduce throMting and eliminated the destructive buUdip of pulses. Ihe 
iiqxz*tance of ^xsntaneously igniting (diemlcals* or "hypergoUc" propellants (a German 
tom)* for rocket engines (pened ip an aspect of (diendcal researdi that had been givm 
very little attmtlon in the past md this research contributed to a better undnrst ending 
of the kinetics of chemical reactions. 

Ihe liquid r''opellant JAID unit 9x>up* consisting of Sunoerfleld, Powell and 
E. G. Crofu. incorporated the RFNA-aniline combination into a revised design. It was 
found that perfamance specifications established f'o* the 100 lb. thrust motor using the 
starabl.^ propellants could be met by an injector with only fbur pairs of inpinging 
streams. For the A-20A fU^t tests* no attempt was trade to produce a Ughtwei^t inlt 
but rather effcart was concentrated on reliability and safety. Ihe tall surfaces of the 
alr.'raft were estimated to be hl^ enou^ to clear exhaust Jets when the motors were 
itouited in the nacelle tall cones* tdiere there was also sufficient space for tdie two pro- 
pellant tanks and flow control valves. Standard ccmercial nitrogen tanks and pressure 
regulators were installed in the fuselage together with controls for starting and stepping 
the units* operable by a mechanic In the rear gunner* s cockpit upon Instructions from the 
pilot . ^ A view of the installation in cv»e of the nacelles is shown In Figure 14. 

Ihe motor was mounted on slides and provided with hydraulic Jacks, so that if an explosion 
separated the exhaust rKizzle block, the lemainder of the motor would not impose too great 
a shock on the aircraft nacelle structure. 

The two JATO units perfomned satisfactortly during successive firings on the 
A-20A. The propellant control valves, which were hydraulically operated, and the check 
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Pig. lU 

view of the RFM~tolllne JATO aigire Installed in 
0r» of the Hacelles of A-20A Airplane 


valves gave the most trouble. Uie clrieck valves were reroved at an early sta®e of ground 
testing. We had some malicious satisfaction when one of tl* eonventlo m.1 plstcm engines 
on the A-20A developed medhanical trouble and delayed tte test for two days. Tlje 

successfld tests of our experltnental JATO units during the tests led ttie 

AAP to place a crantract for the productioi of servlce-t^/pe units at the Aerojet angineer- 
Sng Cfcrporatiav-the newly forjiied cort|>any*s first ci-; .tract Ccf. Section VIII^. The 
Project, meantime, resumed basic research an rocket engire coiporients. 


Ertgine Beseareh With Various Liquid Prcpellants After the 


I prepared a review of developments lii liquid pnapellant Jet (rocket) propulsion 
at the tToJect and at Aerojet for a spec,lal f?eet,lng of ttm Office^ of Scientific Researeii 
and Develcpnent (OSRD) in Washii^an, D.C. fn Pebruary 17, It will \x mUid fran 

the title of the repoi*t dmt at th.i.s tiine the tenii ^^rocket/* in part;^rithe:>ls* was used* 

'Bie term ms being rehabilltateti in teelmJ.cal arid irdlltm^ circles In tim 0*S*A* for 
first tlim? since the nineteenth centuro% wl^en rifled replaced military/ rocket 



missiles. On the other hand, thn« was still gene^*. re^fstanee to anttiorlns the use of 
rockets for space research an:l exploraticn, and none lt> nade tn the report, even thou^ 
we were already reviving the studies we had Irtempted in 193)« 

Motors . A coocrehensive nencrandun on tdie state and direction of developomt 
of liquid propellant ro(dcet notoara hy Project and by other groups was prepared 
Seifert aid me for the Nay 29, 19^5 neeting of the Coordinating Connittee of the Qulded 
Missile Program at the request of the Ordnance Departaent of the Amy Snvice Fbroes. 
(Diere was still no reference made to space research and exploration.) 

An idea of the range of research on liquid propellsnt ro(doet motors and other 
engine conponaits that was undertaken by the project at 
tills memoir cen be obtained Horn the following headings 
1 to 30 Moventier 1946.^^ (Research on solid propellant 
the ORDCrr Project beglnnir« on 1 July 1944): 

A. Ftndaraaital Research 

1. New Propellants 

I^drogen peroxide 

(1) Perfonnance with fbels 

Liquid oxygen 

(i) Perfonnance with fbels 

Acid-hydrocarbon conblnations 

(i) WBW-FUrfliryl alcohol 

2. Investigation and development of new materials 

a. Survey of the physical properties of cerandc- materials* 

b. Development of ceramic naterlals for use as tuzbine blades 

c. Pr^iaratlon and properties of refractory chamber Uners 

d. Developmm^ of porous materials for sweat cooling 

3. Tenperature measurement and heat-transfer analysis 

B. Engineering Development 

1. Injector and chemnber deslgis 

a. Effect of Injectors on perfonnar.oe, ignition and heat transfer (with 
nitromethane) 

2. Motor-cooling techniques 

a. Film cooling (with acid and hydrocarbons) 

3. Hydraulic measurements 

a. Characteristics of rocket conponents 
(i) Atomization 
(11) Fluid metering 

Ihe same monthly suimary contained a financial report showing that c«t of 
$944,000.00 available that year for research from the AAP, an estimated $954,211,52 had 


the end of the period covered in 
of Monthly Sumary No. 1-54, 
rocket engines was taken over by 


I8l 



been qienti I do not reneBi>er «Aid flew to the Air Nat«7ial Coonand, Vblght Field, Dasrton, 
Ohio, to get nore mon^, but it was obtained. I was then preparing fbr iqy two-year leave 
of absence ftxxn Caltedi to go to Paris to work for international scientific cooperation 
at UNESOO, and I was turning over responsibility for the direction of JPL to my successor, 
Louis 6. Dunn. As I write this memoir twenty-five years later, I am still in France, 

•here 1 have been occigded since 1953 with non-govemnental international cooperation in 
astronautics and visual fine art. 

Propellant Peed Systems . Ihe following types of feed systems v&ce studied by 
the Project: the gas pressure feed system using stored air or nitrogen in tanks at around 
2000 p.s.l., and using gas generators; centrifugal pinfs with various drives; and the 
Centrojet principle proposed b;' Aerojet. * ^ the astern using stored gas becomes exces- 
sively heavy if thrust durations exuet^dlng about 60 seconds are required, and if ccnhus- 
ticn pressures higher than 300 p.s.l. are desired to obtain better specific liqpulse. Ihe 
idea of providing gas at pressure by means of a chemical reaction to r^lace storage tsonks 
sounded very good and, beginning in 19^2, considerable effort was made to develop it; 
however, a practical system was not achieved by the end of 1946.^* 

In 1942, the Project began the development of high ^peed centrifugal pumps. A 
satlsfactoiy 10,000 r.p.m. aniline punp delivering 20 gallons per minute at 900 p.s.l. 
was developed in 1943- ^Ihe construction of a nitric acid punp proved to be nuch more 
difficult because of the special naterlals this oxidizer requires. ETives sacdi as elec- 
trie motoara and gas turbines were also investigated. * ^ 

Project undertook to test for Aerojet, during the Sumer of 1943, two 
unusual proposals for supplying propellant to a long-duration rocket motor (30 minutes at 
idling thrust, 5 minutes at full thrust). Ihe first would obtain puip dri'/e rotat- 
ing rocket motors mounted so that a cenponent of thrust would be made available for 
delivering tc»que - the system was called a Rotojet . The second used the principle .f the 
Rotojet with a built-in centrifugal puip. A single conPustlui chamber mbs equipped with 
multiple angled exhaust nozzles. Cooling passages around the chanPer walls served as 
puiping ducts when the whole assembly rotated— tiie system was called a Centrojet . 
Sinmerfield, at that time on leave ft?om the Project, sipervlsed the program at A«?oJet. 

He believed that these systems i«ere mainly the irasult of the interaction of the minds of 
William Van Dam and Waldemar Mayer. It was decided to try them after a comnittee that 
included von Karman and l:>ien asserted that they were the lightest and most efficient 
approaches, after revliwing a series of analytical studies of conpetltlve schemes. (Ihese 
Included: gp3oline-englne u?lven punps, a gas turbine drive, a propellant steam Jet pump, 
a direct combustion gas pressurization scheme, etc. Ihe surviving scheme today is the 
propellant gas turbine drive. It was used successfully first by the Qeiman V-2 grexp in 


182 



1938 but this MSS not known to us.) Models of the Rotojet and Centrojet were constructed. 


but tests showed that, althou^ the two systons worked In principle, the mechanical dif- 
ficulties encountered were so great that there was little hope for them In 
practice. ^*^®***^ 


VI. ELICafT lESIS OF ROCKET EMQIfES 

I pointed out earlier that the program of the Project was to develc^ solid and/ 
or liquid propellant rocket engines for appilcatlon to the "siperperfonnance" of land- 
planes, lncluJ'’^°' rocket assisted take-off, and abnoimally large accelerations and 
Increased fll^t velocities or rates of cUnb for oily short periods of time. The pro- 
gram was launched on the basis of preliminary studies of the validity of using rocket 

11 12 

engines for these purposes. * C. B. Millikan and H. J. Stewart In Janueuy 19^1 made 

a detailed analysis of the effect of auxiliary rocket prc^ulslon on landplane perform- 
42 

ance. A supplementary ansOysis was made by C. F. Fischer, a Navy officer, for his 


OALdT master's thesis. Ihe predictions made by these analyses awaited ejqterlmental 
verification. 

Ercoupe Flight Tests With Solid Propellant JATO Ikilts 


A message was sait to the Air Corps In the spring of 19^1 that we were ready 
for fli^t tests of an aircraft equipped with solid propellant JATO's each delivering 
around 28 lb. thrust for about 12 seconds (cf. Section III). The Air Matei’ ,al Comnand 
selected tte ErcoiQ)e low^^ulng monoplane, beeirlng the deslgiatlon YO-55» for the tests and 
selected Homer A. Boushey, Jr. (thai a Captain) as the test pilot. Boushey In 19^1 was 
doing graduate work at GALCIT and also acted as liaison officer between the AAF and the 
Project. An analysis of the p«?fonnance and fli#it characteristics of the Ercotkje and 
of the mamer of Installing multiple JATO units designed by the Project was made by 

44 

C. F. Damberg and P. H. Dane of the Amy Air Corps, as their GALCIT master's thesis. 

Ihe Ercoupe was flown from Dayton, CMo to March Field, California, at the end 
of July 1941, vdiere modifications were made for installing the JATOs. The flight test 
groi?) consisted of the following: (Rx»Ject personnel) J. W. Parsons, E. S. Fonnan, 

F. S. Miller and nyself, as director of the tests; (AAF persomel) Capt. H. ». Boushey, 
Jr., Qpl. R. Hamilton and Pvt. Kobe (Figure 15). Von Karnan and C. B. Millikan Joined the 
group at varioue stages of the program and some of the tests were witnessed by W. F. 
Durant, Chalreian of N.A.C.A. Jet Prcpulslon Contnlttee, and Piscber of the Bureau of 
Aeronautics of tl» Na.»y Department. 

A ft’ont view of the Ercoi^ie Is own In Figure 16 with three JATOs installed 
under the wing on each side of the Air .ige ('■f. Figure 11). Each JATO was mounted cxi 






Pig. 15 

Ercc?Li» Fli^t Qrwpt (Project Pe«<i»»l 
I^fb to F.S. Mller, J.W. Par«*B, 

E.S. PcKiBft ai^ P.J, miSrn, 

(MP Porsainel, Left to Mght) 

Capt,. H.A. .Bcwsitey, Jr., 

Cpl. R. Haniltcrt and 
I5?t. Kcfee 


exImjBt nozzle, In areter jkA to tmismit shook to the airpiane wlm> is, th< 

tion of the nozzle mmijn^ bacto«Ki wuld prejeot the JA® ecjrrtoistlm chMber forw 
Ite test {arogram began very eautloisly , since m Imd to anticipate passible expta 
failures of the JAfOs, ard it was not certain timt the w<mM 'belave satis: 

#»n rocket thrust m ^^lied, Sash^, for a* of the fmT t:,lmxj tests flew : 
alrpla* equipped with om JAf3 m each side to an. altltMe o.f ^mt anl 

ignited the rockets, We couli *^»‘t see the frcowpe hut our mtistmt' .eeing 
Jet trail appear In the sky wm ended, ,1« a few seccwfe wten a big; b? reaelcd us 
of the units had failed a^n, Itiere were some anxious rfra»nts until we couM m 
Ba,isl»y bask aM laMlng safely , Ifeppl?’ , the Installatiai allowing for fm 




r caitalrs 

iS to QOTh- 


test pmffm) are swimrl»J in Table I. They mre fovnd to be In ' a 
with the fcheca*etlcal predictlcns nade by Millikan ar«l Stev«l;. Iv wi 


mally requiretj. The charaeterlstlcs of the EdxplMX were not significantly 

affected. 
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Yim of Ercoupe Take-Off faslstal 
Six JATO Units 


'^ABi£ r 


Item 

Ercolipe 

vdthout 

J/ODs 

JA'iO 

lb. 

Mew value 
of 
item 

Percent 

sa-dng 

Ilake-off distanre, ft.. 

580 


300 

J48.3 

Take-off time, sec. 

13.1 

X / 0 

7.5 

42.8 

DistiiTice to c3:'tr ft. 

ob3ta:1«, ft. 


170 

: : <;50: 

42.1 

1 

r stance to talce-off with 
285 lb. ove.*'’^id, ft. 

905 

166 


i 81.6 

! 

Time to: take-off with 
?85 lb. o'/erioad, sec. 

]9.8 

I 

166 

t : ■ i 

Q.s 

i : :■ 

40,4 

Ftotlum indicated air speed 
at ll.llOO 11;. r, jt. 

i 

62 

i 

1 

i 

i 


i 56.5 

j Unceea^e) 
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The first toerlcati raanried fllg^it of m aircraft propelled by rodtet thrust alone 

was KBde by Bcushey «i As;®st 23» 19^1 (Figure 18). Tte propeller of the Ercwpe was 

reiaared ss»l 12 JATD units Installed, hcwevar, only U fhactloned. The Erooupe was pulled 

a truck to a speed of about 25 «.p.h. before the JATOs were l^rtLted, The airplane left 

10 

the ground snd reached an altitude of about 20 ft. This fll#it mz not originaHy 
scheduled but we could not resist tte qpportunlty to asake the inprovlsed <teaor»tration of 
a ftiture oossibllity rocket prqpulslon. 


Pig. 18 

¥lew of Ercoipe About To Take-Off With 
Rocket Propulsion Alcrse 


A-20A Fllgjht Tests With Liquid Rropellant JATD Units 


Me anticipated the flight tests of the RPNft-anllii» rcxsket JATAs on the A-20A 
airplane with a degree of confidence, for we i"i£d ^Ined much ejsperlence during the fll^t 
tests of tiie solid propellant JAKte on the Ercoi^ie. Nevertheless, with tte lives of the 
pilot and the JATO cperatcr in our hards, we pxxieeded with cautlm. The A-20A, after 
certain structural reinforceraents had been made by tte AAF Aircraft Labopatory at Weight 
Field, was flown by Majer P. H. DBr» to Lockheed Mrpert, Burbank, Callfomda, in terch 
19^2. Here tte 3KSO& mre installed, w!w«upon tte airplar» was flown to the U.S. Air 
Force Bcniblng and Qimmvy Callfomia* The only difficulty that we encoun- 

tered occurred during the first static tests; the unit .in the starboartl-side nacelle failed 
to deliver rated tl'irust* After several days of baff lenient we found ttiat the fault lay in 

the check valves of the prqpellant lir^s, which were therei^xn elimlmted in both units as 
l8 

iiressentlal. 
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The principal meeiters of the test groups mre the following: (Project 

personnel) M. SuMarfleld, M. B, Paxell, E. G. Croftit, B. M. Ftoram, R. Itertoeck wil the 
authcar, director of the tests; (ME peraonml) Major P. H» tene» M, G. Cassell and L. A. 
Srady and (Civil tenamytics Adtodnlstratlari) E. M. feles* J. Ifttulaltls and N. M. Sttoln. 
Koy personnel In charge of tte fU#it tests are shewn in Figures 19 and 20, and the pilot 
and JATO operator in Figure 21. ¥on Eamm and C. B. Millikan Joined the Project group 
during parts of the program and Fischer observed some of tte flight tests for the Kavy 
Bureau of Aeronautics. 


Pig. ’9 

Personnel in Charge of A-20A Plight Test; 
(Left to Right) M. SuBwerfield, 
F.J. Malim, K.B. Powell, 

Major teul H. Dam ard 

Th. voii Karrnfflt 


The take-off tests were made fr<m the bed oi Iteoc Dry Lake, on wtilch a stripe 
3 ft. Witte and 12,000 ft. long had been laid out o guidte the pilot. Pl.scher flew In from 
his Navy base at Saan Diego* California, In the nddst of the take-off tests one tncmlng when 
von Marmn Joined m, Ife asked vc« Karman if he would like to see the equipment In the 
cockpit of a modbm Na:vy fighter. Those of m vteo knew mn Karmm's r^utatlm I'cr 'leav- 
ir^ ejiperinental. sp^aiatus In a mess after visiting a Mbomtory wx^Bp&i aloM If 
Flscter*s Invltatlm was a wise <». Van Karwb c’i'afced into the cockpit, and Piseter 
exp:iained the 'purpwe of the various instruments tdille I stood on tte lower wijig and 




Pig. 20 

A-20A Pli^t Test Persaaiel 


watciied. Von Kanwi pointed at a handle by his foot and, as he asked what It was for, 
pulled the lever. I heard a crash behind me on the wlr^ and away firom the adr- 

plai»i. Wien I lodked back I saw a balloon under each tip of the ifsper wing slowly descend 
and Inflate — van i^armn had released the v^ter floatatiai gear. Fischer exclalmd: 

Lord, how will I explain this at sty base — floatation gear activated in a desert 5 ** We 
often wondered what story he told to his superiore to explain his desert floatation 
episode. 

The first JATO assisted take-off of the A-20A was fi^e m tte after«xri of 

%iril 15 , 19 ^ 2 . A view of a take-off Is shown in Figure 22. During the fli^t tests the 

JATOs were fired AA siwcessive times without failure (cf. Section V). Ihe principal 

results of the tests are summarized in l^le II. They were found to be In good agreement 

17 k? & 

with tlteoretical predictiais.'^ * -* Ttie take-off distance, under various loaiir^ 

conditicns, was reduced by abait 30%. The flight characteristics of tte airplane were 
mt sighlflcantly affected. 
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Fig. 21 

Major P.H. Eteu*, Pilot, and B.M. Pomiait, JATO 
: Opemtop, .During A-20A Fliglit Ifests 

T*® t^ste:; were also.maie to measure the increase of IMlcated air speed in level 

flight vdth the JATOs Ignited. At 5,000 ft., the speed increased from 252 to 300 ra.p.h. 
or 191, arKl at 10,000 ft. fVom 239 to 280 m.p.h. or 17. 2%, Ihe gross wei^t of the air- 
plane was about 18,000 lb. 


TABLE II 


It.r« 

(A-20A at 20,000 lb. 
Gross wei^t) 

A^20A 

wlttojt 

JPiTOs 

JAiD thrust 
lb. 

{few value 
of 
itm 

Percent 

saving 

Take-off distjmce, ft. 

2,320 

2,000 

1,570 

32.3 


7ake~off tiire, sec. 

25.1 

2,000 


33.1 


Airborne distance to 
clear 50 ft. obstacle, ft. 

1,630 

8 

0 

1,120 

33.3 


Airborne time to clear 
50 ft. obstacle, sec. 

8.3 

i 

2,000 

6.0 

! 27.8 
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Pig* 22 

Nlm of JW20A fake-Off Assisted % 2 JAW Units 


VII. KxaffiT H»mLsicw mm mim 

Qualitative experisnmts of roctet mtars fired under water, ratfe in the mtmn 
of 1942, mre reported upon by R, B. Canrl#tt. It was found that a FWtt-«iilli» aiotcr 
started satisfactorily wf«i siima^ged under 9 in. of water, evai tdien water filled the 
motor and part of tt« prc|)ellant lixs. Solid propellant mits tested when sutoerged 

at frees 2 to 6 ft. of mter in the lake formed at Ifcrris tim., CaHftarda. T3« 

results sheswi tlsat these er^ims ccaald be operated under siatar as JAfOs for flyiing toats, 
for the prqpuiteiars of torpedoes. A patent for the afislicaticn of rocket prepHsim 
to water-borm vehicles was granted to &«merfield arri the aithcr.^^ liw Armament Labora- 
tcxry of tte AAF Air Iteclfiical Service totimnd at Wi^t Field, u|5m tearing of ttese tests, 
reqtested tte project to submit a proposal fer developient of a "hydreboub.” It was to 
be an ali>-launched tesTJedo, but, in order to ciramtvent the monepoly held by the Jiavy for 
the develoiment of torpedoes, tte AAF decidsd to call it by a differmt narro. Propulsion 
of the missile was to start after it entered tte water. 

Ven Karm& and I, in a iWfflorandum dated February 20, 1943, pixsposed the design, 

comtructim and qpor^tten of a towing channel for u«terwater rocket ptjpulslon 
47 

research. The proposal also included research on the design of a hydrebartb, Wten we 
explaited the priposal to General Chldlcw in Washingten, O.C. his cement was: **Tte next 
time you cane to see me you will i«nt roaiey to put rockets on ny swivel cteir." The 
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proposal «as accepted by the krmsm^ Latoomtcry, and the wartt carried their designation; 
Project MX ^3. Our designation for the wcrte ms OMjCIT Project Kto. 2. to i«lerwat«’ 
I'ropulsion Section was established and placed in the charge of Diam, »#i 0 in 19 W became 
Assistant Director of JEL. Under IXam’s sipsrvlsion, the tc«djng channel at hplro^naBdc 
tank was tallt. It had a length of 5W) ft., a width of 12 ft., and a cjfc^th of 16 ft. 
CUgwe 23). Ihe towing carriage was, at ray suggestion, to be driven by a controllable 
RPSA-anlllne engine delivering a mssOmm thrust of around 3,000 lb. to give a carriage 

upt 

speed of around ^ m.p.h. 


Pig. 23 

Erawing of %dixdynamic Tstk Installatim 


The engine for this first rocket-prqpelled car in the U.S.A. was designed 
l|Q 

Powell and Crofut. ^ Hie ermine hM three 1,000 3b. inotow and a gas pressure profpellanfc 
supply system. One memorable day in 19^3 I was Invited to watch a static test of tl» 
engine mounted in the corrpleted towing carriage CPigMre 2k ) . Qmcg^ Snmerson, our brave 
photc^rapter, and I posted ourselves to the rear and to we sidte of the carriage. Ife 
hmrd the order to fire the ei^ine ai*3 to our terror, aJtoost lanedlately saw one of the 



Fig. 2ii 

Static 'Hsst of ffe«ket-Propelled Towing Car 


corbustion chartbers of a motor fly past us and flame envelop the carriage. The carriage, 
in a matter of seccxids, was a burned out wreck because a vlolaitli- "hard start" of the 
engine not only separated the parts of one of the motors but also brc^e the lims of the 
spontaneously ignitable propellant conpcnenta. Hie carriage and the engine, viith modifi- 
cations, were rdsullt and used successAilly during the preliminary ;Aiase of hydrobonib 
development. The rocket engine was later r^laced by an electric n»tor drive that pro- 
vided easier control of carriage speed. It is to be regretted that tte first rocket pro- 
pelled car WEU’ not saved, as It was the fredtecessor of rocket-propelled sleds now used for 
high speed experiments. 

TVfo different prototype models of a hydrobomb were built by 1946 for the AAP; 
one by the Westir#iouse Manufacturing Cocpany and one by the IMted Shoe Machinery Ckiro- 
pany. Ibe prototype by the latter ccnpany was about 10 ft. Icaig, with a maxlmun diameter 
of 28 In. Designed to be launched at speeds up to 350 m.p.h. and to travel under water at 
70 m.p.h., the missile was driven by a solid-propellant rocket unit delivering 2,200 lb. 
thrust for 30 sec. The range of the missile was 1,000 yd; gross weight was 3»200 lb., 
with a warhead weight of 1,250 lb. 

The primary tasks were to obtain, on half-scale models, their hydrodynamic 
characteristics, tte effect of rocket prqxilsion upon stability and performance, and the 
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effect of the rocket Jet upon cavitation. A special solid propellant and motor were 
designed by the Project for the full-scale hydrobonb that would withstand water liipact 
when the missile was launched up to speeds of 400 m.p.h. Launching tests were made at 
Torpedo Launching Range developed by Caltech for the Navy at Notvis Dam, 
CaUfornla.^®* 


Vni. FORMATION CF T«E AEROJET QCSIN^RING CORPORATION 

It became evldoit In 1941, following the successful fU^t tests of the Brcoupe 
and with good progress being made In the development of a Uqul<H>rGpellant JATO, that 
steps would soon have to be Laken for the production of JKJXis for tt»e Air Ftoroe and the 
Navy. Caltech, being an Institution for education and basic research, did not appear to 
us to be appropriate for undertaking aiglneering development and production on a large 
scale. FUrtdiernnre, I shared the opinion of Parsons and Fcsman that after tlie efforts we 
had made during the previous five years we should participate in the exploitation of our 
ideas. I proposed to von K£umi& in September 1941 that we try to initiate the productlm 
I^iase of rocket engines, and found him sympathetic. He pointed out that since he and I 
were members of the faculty of Caltach, there probably would be objections made to our 
becoming businessmen and there certainly were seme. Robert A. Millikan, with his usual 
broad outlodc, e]q>ressed concern as to whether we could manage a comnerclal organization 
successfully. 

To minimize these objections, the first plan was to try to get an existing air- 
craft ccxipany to set ip a rocket migine division, with a special arrangement for our pare 

tlclpatlon in its work and in the sharing of profits. Voi Kamm describes in some detail 

q 

in his autobiography these laisuccessflil efforts. Leaders of the aircraft industry In 
Southern California foresaw no future for rocket propulsion! Ihen, upon the counsel of 
Andrew G. HsQey, von Kanisn's attorney, we decided to found a company of our own, after a 
favorable discussion of the idea with General Prank C. Carroll at Vtl^it Field. Uie 
Aerojet Engineering Corporation, now called the Aerojet-General Corperation, was organized 
at the end of 1941 and formally incorparated on March 19, 1942, with the following offi- 
cers: Von Karman, President and Director; Mallna, ineasurer and Director; Haley, Secretary 
and Director; Parsers, Forman and Suimerfield, Vice-Presidents. Our first capital contrl- 
butlcxi to the company amounted to $200 each. Ihose of us who held patents assigned them 
to the company. 

It was no easy matter to decide who of those connected with the Project should 
be invited to Join us in the venture. After the company was underway, C. B. Millikan 
especially felt left out. A year later we decided to offer him some shares for purchase, 
which he bou^t, arvl then he actively aided with the development of tha company. Pareons, 
Sunmerfleld and Fbrman, by the end of 1942, spent much of their time at Aerojet, assisting 
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with the trenslticn trm the experimental stage to pilot scale and to full-scale produc- 
tion of solid and Uqul<H3irc^llant JATO units. In September, Haley took over as presi- 
dent of the ccB¥>any and von K&nm and I again concentrated our efforts on the continually 
expanding program at the JPL Air Corps Inject. 

This changeover was prcirpted. In part, by the attitude of the AAF to our 
becoming businessmen. Von ISamen has the following story In his autoblograpt’^.^ We 
received woa«i from Wrlg^it Field that the Air Force had decided not to renew the first con- 
tract of Aerojet for Uquld-propellant JATOs. Somei^t annoyed, he and I flew to Vtashir^.^- 
ton, D.C., to find out ttiat was wrong. (Xir old friend, Qmneral Bai Chldlaw, told him In 
no uncertain teiros the following: *Me like you very nu<di. Doctor, but only In cap and 
gown to advise us what to do In science. The derby hat of the businessman does not befit 
you." 

The problem of "hats" haunted us during the next years. At this time, von 
Kantian and I were actually alternating three hats - we were on the staff at Caltech, at the 
govemnentally-oiBied JPL curated by Caltech, as well as officers of Amjjet. And von 
Kantian had several other hats; for exanple, he was retained as a consultant by the 
Northrc^ Aircraft Company. The more strenuous objections to possibilities of our having 
conflicting Interests, however, were soft-pedalled because there were so few qualified 
persons In the country to de 20 . with the required expansion of rocket propulsion develq?- 
ment and productlcxi. Close technical liaison was maintained between the Project and 
Aerojet until 19^4 vdien the General Tire and Rubber Ccnpany bou^t a majority Interest 
In Aerojet from the founder shareholders. This sale was forced tpon us because, as the 
govennent told us, we had by then the lowest ratio of Invested capital to contracts of 
any conpany In the countiy. Thereafter, the conpany concentrated more and more on pro- 
ductim rather than development and Its relations with JPL became more and more tenuous. 

IX. JET FR0PUL5ICN Q4GUGERINQ EDUCATION 

In 1943 von Karmw organized at Caltech for the AAF Material Ccmnand, the first 

graduate course In Jet propulsion engineering in the U.S.A., utilizing the staffs at 

QALCIT and JPL. The course, at first, was limited to officers of the Amy and Navy, but 

later opened to selected civilian students. Lectures In the course were collected in 1946 

2 

by the Air Technical Service Conmand under the title "Jet Prcpulsion". The 799-^age 
volume was edited by Tslen and contained ccxitrlbutlons from: P. Chairibre, J. V. Charyk, 

L. 0. D.'nn, A. Hollander, N. Kaplan, Th. von Karm&i, F. J. Mallna, C. B. Millikan, 

M. M. Mills, A. J. Phelan, W. D. Rannle, H. S. Seifert, H. J. Stewart, R. F. Tangcen and 
H. S. Tslen. 

This volume exhibits, especially, ttw; ©?eat progress made between 1939 and 1946 
In the U.S.A. L. the development of Jet pn^ulslon engines of various types on a firm 
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scientific basis. Ihe papular conception ha., been built up Uiat developments during this 
period in Nazi Gennany far outdistanced American results of research on the fundamentals 
of pocket pro{Hilsion. That conception is false, for when we studied Gennan develt^inents 
after the war we found that, as far as liquid propellant rocket engines were concerned, 
they had more expertaice oily with tt»e practical aspects of large-thrust WX. engines. 
Develqments in the U.S.A. of composite long-duraticai solid-prqpellant engines were much 
more advanced. Hie tendency in the U.S.A. to warship prqphets ft?om afar was well demon- 
strated in the case of rocket prqpulsion develcpnents during this period, with some 
unhappy historical effects. 

Hie approaching end of World War II posed serious policy decisions for Caltech 
as r*egards JPL. Some of the problems were brot^it to the fca?e by von Kamm in a mem- 
orandum he prepared in 19^^ for the consideration of the Caltech Trustees c»i the possl- 
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bilities of the establishm^t of a Jet Propulsion Laboratoi?y owned by Caltech.'^-’ Von 
succeeded in convincing Caltedi to accept the CHXHT contract with the Ordnance 
Departmait, with concurrence of the AAF, to initiate the first research program on 
long-range rocket missiles in the U.S.A.^ Ife was, however, also concoTned with the post- 
war future of Jet propulsion research on a permanent basis. He wrote: "It has now become 
known that one of the great chano'ss in aviation equipment Introduced by wartime research 
will consist in the use of Jet propulsion as motive power. Hie present Jet propulsion 
equipment is yet of a rather crude nature. However, certain very definite results haire 
been obtadned and promise wide possibilltyes of application both in military and civilian 
aviation." 

Von Karmw, Sunmerfleld, TSien, and the author performed a conparative study of 
Jet propulsion systans eis applied to missiles and transonic aircraft during the winter of 
1941 *. We compared solid and liquid prxjpellant rocket engines, and thermal Jet engines 
such as the aeixpulse, ramjet, and turbojet for various applications. Ikider the ca>- 
tracts with ttie AAF and the Ordnance Department, the Laboratory soon involved Itself with 
research cn the full spectrum of Jet propulsicai engines. What is more, JPL became the 
largest single operation to be administrated by Caltech. Hie woric I initiated with the 
GALCIT Rocket Research Project in 1936 had blossomed within eight years into a major 
activity of the Institute. Hie many problons arising from a private educational and 
research Institution administrating large scade research for the gover.mwit and for mili- 
tary ^pUcaticMfis after the war, ranging from using the staff of Caltech on such research, 
to allowing its staff members to become involved in industry, and to introducing within 
the curriculum the subject of Jet propulsion engines, weio all upon us. 

Von Karman took a leave of absence from Caltech at the end of 1944 to establish 
the AAP Scientific Advisory Group in Washington, D.C.^ IXirlng 1945, I devoted more and 
more time to the prdDlems of the Caltech-JPL relationship. I submitted, in November 1945, 

56 

a memorandum on the Aiture of Jet propulsion research at Caltech. primary objective 
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was to assure the survival of JPL within the structure of the Institute. To this mi, 1 
pirt^x»ed that the Institute establish a Department of Jet Propulsion Ehgineerit^, with 
its own funds, and that JPL be operated as a govemnent facility under the new department, 
the starting point of the department would have been the graduate Jet Prc^ulsion Course 
begun in 19**3. Although the proposals I submitted were not adopted in the way I envisaged. 
Jet propulsion mglneerlng education and research were ar ed to Ceiltech's program, and 
JPL continued with a somewhat more tenuous link to the institute. 

At a rneetir^ of the Society for the Premotion of Phgineering Education at 
Berkeley, California on February 22, 19^6, I discussed the affect engineering 
education of Jet propulsion and the beginnings of astronautics, and concluded with the 
following statement: "It aw^ears that Jet propulsion develcpments have served, in some 
measure, to increase the present pressure for a careful evaluation of the curricula and 
general spirit of engineering education. The need for niai trained as research engineers 
to aid in bridging the gap between scientific research and useful application of new 
knowledge of nat'ire has been critically appreciated by those givai the responsibility for 
carrying out difficult phases of an urgently ne-ied development during the war." 

X. CONCLUDING REMARKS 

I look forward to the opportunity of presenting at a future synposlum of the 
International Acadeny of Astronautics iiy third and last Jet Propulsion Laboratory manoir. 

It will deal with the ORDCIT Project, from Its inception In 19^** to the aid of 1946. It 
was the first laig-range rocket missile research undertakai in the U.S.A. and it also 
pennitted resimpticn of rocket research for space exploration Initiated at Caltech in 1936. 

Ihe help I received from Martin Sumnerfield and Walter B. Powell on technical 
parts of this memoir, and from George Elnnerson in collecting photographs, is highly 
appreciated. 
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